We demonstrated fabrication of black silicon with slanted nanocone array on both planar and 3D micro and meso scale structures produced by a high-throughput lithography-free oblique-angle plasma etching process. Nanocones with gradual change in height were created on the same piece of silicon. The relation between the slanted angle of nanocones and incident angle of directional plasma is experimentally investigated. In order to demonstrate the monolithic integration of nanostructures on micro and meso scale non-planar surfaces, nanocone forest is fabricated on non-planar silicon surfaces in various morphologies such as silicon atomic force microscopy (AFM) tips and pyramidal pits. By integrating nanocones on inverse silicon micro-pyramid array devices, we further improved the surface enhanced Raman scattering (SERS) enhancement property of this optimized commercial SERS substrate by several folds even when using 66% less noble metal coating. We investigated the length gradient dependence and asymmetric properties of SERS effects for slanted nanocone with polarized excitation. This versatile and angle-controllable nanocone fabrication and monolithic 3D nano-micro-meso integration method provides new dimensions for production and optimization of SERS and other nanophotonic sensors.
Introduction
Black silicon is a semiconductor material whose surface is modified with micro or nanostructures to become highly absorptive, thus appears black. It was discovered in the 1980s as an unexpected side effect of reactive ion etching (RIE) in semiconductor industry. 1 Over the years, its potential in photovoltaic antireflection layer, high sensitive photodetector, superhydrophobicity and biomedical sensing has been recognized, and hence black silicon has been produced on purpose. [2] [3] [4] [5] [6] Besides RIE, other methods to produce black silicon include chemical wet etching, 7, 8 ,laser pulse irradiation, [9] [10] [11] and nanoparticle-catalyzed etch. 12 Among these techniques, RIE has the advantages of high throughput and low cost; so it is still the most widely used method.
Previously, we produced black silicon with the combination of hydrogen bromide (HBr) and oxygen plasma and have demonstrated its applications in biomedical sensing and solar cell. 5, 13 However in all previous cases the nanostructured black silicon were created on smooth and planar substrates and the angles of the silicon nanocones could not be controlled.
In order to produce sophisticated nanostructures such as 3D photonic crystal, angle-controllable engineering in micro and nanoscale fabrication are pursued with different methods. Oblique directional RIE with Faraday cage was developed in 1980s
and has been used for producing photonic crystal. [14] [15] [16] Angle controlled ion-sputtering and focused ion-beam erosion are also used for creating nanopatterns. [17] [18] [19] The most prevalent method of producing slanted nanostructure is oblique angle deposition, or glancing angle deposition (GLAD). 20, 21 Self-organized nanorod array can be produced with oblique angle deposition and has been used as humidity sensor 22 , surface enhanced Raman spectroscopy (SERS) substrates 23, 24 , optical fiber sensor 25 , plasmonic oligomer sensors 26 , 2D-3D photonic crystal 27 and microbattery 28 . Similar to GLAD, the slanted nanocone black silicon (SNBS) fabrication process is a mask-free and self-organized process. The GLAD is growth process while SNBS is an etching process, which offers better cost-effectiveness and more suitable for monolithic integration. In addition, as the silicon nanocones are a part of the bulk silicon substrate, the interfacial material incompatibility issues are avoided.
In this article, for the first time, we have created black silicon with slanted nanocones, produced by a 3-step plasma passivation and etching process. The slanted angle of the nanocones can be controlled by the oblique angle of etching plasma relative to the silicon plane, even though they do not obey a linear relation. We experimentally investigated the relation between the cone slanted angle and etching angle. We have also demonstrated the fabrication of nanocones on 3D non-planar silicon surfaces such as silicon atomic force microscopy (AFM) tips and microscale pyramids. Finally, to exemplify the application of slanted black silicon, we investigated the surface-enhanced Raman scattering (SERS) properties of SNBS with different slanted angles as well as that of SNBS made on 3D non-planar surfaces, using benzenethiol monolayer as the analyte. The SERS enhancement of commercial SERS substrate structure was improved by more than 4 times with 2/3 less gold being used after the monolithic integration of the SNBS nanostructures and the enhancement factor is controllable by the geometry of SNBS. Compared to previous literatures about inorganic nanocone SERS substrates produced by etching, [29] [30] [31] [32] there are two novelties in this work. Firstly the slanted angle of nanocone is controllable by etching plasma direction. Secondly the nanocones can be integrated on existing 3D microstructure to further enhance SERS. We also envision significant potential of SNBS in a variety of applications such as photovoltaics, biosensing and photocatalytic chemistry.
Experimental Methods
The black silicon is produced by a lithography-less self-masked plasma etching process. The self-mask is the dispersed oxide on surface of silicon formed by oxygen plasma. The random oxide mask protects the silicon underneath it from being etched by plasma and the nanocone array is created in this way. We have already demonstrated vertical black silicon produced by RIE and its applications in biosensing and photovoltaics. 5, 13 We call it vertical black silicon because its antireflective structure is upright nanocones, sculptured on planar silicon surface by normally incident plasma.
To demonstrate that the nanocones can be produced on 3D non-planar silicon surface, especially on existing microstructures, we chose three kinds of silicon microstructures including positive pyramids, inverse pyramidal pits and sharp AFM tip. Scanning electron microscopy (SEM) images of these microscale surfaces before (insets of respect to the horizontal plane. 33 In this case, the angle of the incident plasma with the normal of the wall of pyramids is also 54.7 o . For the AFM silicon cantilever tip in Figure 1e ,f , we notice that nanocones are formed on most surfaces only except of those sidewalls which are too steep. In Figure 1e , the sidewalls of the long sharp spike are almost vertical and they are smooth without any nanocones. But on the tip of the spike that is a bit flat, the nanocones are formed. This inspired us to investigate how the silicon nanocones can be formed on surfaces with different slanted angles.
To investigate how the nanocone are formed with different etching angle, we tilted the planar silicon wafer to a certain angle relative to the incident plasma, hoping it to be sculptured in that tilted way. show how is the silicon piece mounted on carrier wafer.
In our previous work, the black silicon was produced by a one-step HBr-O 2 process.
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Even though this one step process is fast, taking only a few minutes, it is not very controllable and stable. In this article, the slanted black silicon was produced with our improved RIE process, a three-step O 2 -CHF 3 -Cl 2 process at room temperature which takes less than 20 minutes in total. We have verified that this three step process is reliable and controllable. Figure 2c -e is the cross-sectional schematic of the 3-step fabrication process of slanted nanocone black silicon. In the first step, a thin film of oxide is formed on silicon surface by O 2 plasma (Figure 2c ), this step takes 5 minutes.
In the second step, O 2 is shut down and CHF 3 is flowed in for two minutes. This short period of CHF 3 plasma is for etching the thin oxide layer to form dispersed islands rather than for completely removing the oxide. Figure S1 in the supporting information, shows the SEM image of the dispersed oxide islands as the nanomask formed in the second step. In the third step, CHF 3 is shut down and the mixture of Cl 2
and Ar with the ratio of 10 to 1 is flowed in. This step is to etch the silicon to sculpture the nanocones with the nanomask of the oxide islands formed in step 2. Cl 2 is the etching gas while Ar is to boost the etching rate by physical bombardment of the silicon surface. We tried pure Cl 2 without Ar but the etched rate was rather slow and the silicon did not turn black.
Step 3 is the highly controllable because the etching rate is determined by the radio frequency (RF) power and the gas flow rate. Under a certain etching rate, the etching depth is controlled by the etching time. In this article, we stick to the recipe with the etching rate of about 30 nm/min and the etching time of 10 minutes to get nanocones with length about 300 nm.
Even though it is a three-step process, all the three steps are carried out sequentially in the same reaction chamber and at room temperature. Therefore it is still a one step process in terms of maneuverability. Compared with our previous 1-step HBr-O 2 process 5 , even though this 3-step O 2 -CHF 3 -Ar+Cl 2 process is a bit more complex and time-consuming, it is more controllable. In the 1-step HBr-O 2 process, HBr and O 2 are mixed thus the formation of oxide mask formation and the etching of nanocones are simultaneous. 13 Thereby different processes are entangled; it is rather difficult to quantitatively control each individual process. In this 3-step O 2 -CHF 3 -Ar+Cl 2 process, the first two steps is formation of oxide nanomask and the third step is for etching, each step is separate thus can be precisely tuned individually. Surface enhanced Raman spectroscopy (SERS) is a surface-sensitive technique that enhances Raman scattering by molecules adsorbed on rough metal surfaces. The enhancement factor can be as high as 10 10 to enable single molecule detection. 34 The enhancement factor of is strongly dependent on the material and morphology of the rough metal surface. We already demonstrated that our straight cone black silicon deposited with 80 nm silver can enhance the Raman scattering of rhodamine 6g more than 10 7 times and the fluorescence of rhodamine 6g by 30 times. In this article, our major purpose is to use SERS as a tool to characterize the various surface morphologies of the slanted nanocone black silicon. We will find the relationship between the SERS enhancement and surface morphology as well as other fabrication
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conditions. This will contribute to the design and optimization of SERS substrates.
First, we compare the SERS enhancement on sub-micron pyramids structure with and without nanocones. Since we can make nanocones on the inverse pyramids array structure ( Figure 1c, d) , which is the Klarite SERS substrate after gold being removed, we compare this structure with original Klarite SERS substrate for SERS. We call it black Klarite here, a photograph of which is shown in inset of Figure 1d . We also take the planar silicon with nanocone (planar black silicon) for SERS comparison. For the black Klarite and planar black silicon with the nanocones with height of 300 nm, we deposited 80 nm of gold by electron beam (e-beam) evaporation. Before the deposition of gold, 5 nm of Titanium was deposited as an adhesion layer between gold and silicon. The original Klarite SERS substrate has 300 nm thick gold on the surface. 33 In visible and near infrared range, the SERS enhancement of silver is usually higher than that of gold by two orders under the same nanostructure. 35 respectively. 37 In Figure 5a, From Figure 5a and Table. 1, we can see planar black silicon and black Klarite have larger SERS enhancement than original Klarite. The original Klarite is made with inverse pyramids pits for plasmon resonance at 785 nm to optimize SERS excited by this wavelength. 33 The EF of black Klarite and planar black silicon are 3.9×10 6 and 3.5×10 6 respectively, larger than the EF of original Klarite. Previously we got the enhancement factor of the order of 10 7 by depositing 80 nm of silver on planar black silicon. 5 It is reasonable for gold to have lower enhancement factor than silver with the same nanostructure by 2 orders in visible and near-IR range. The result that black Klarite and planar black silicon have similar EF indicates that the micro-size inverse pyramids structure does not remarkably help the SERS of nanocone black silicon. Our explanation is that even though the nanocone forest creates more SERS hotspots for scattering light, at the same time it makes the reflection more diffusive thus destructs Klarite is lower than that of planar black silicon, which confirmed our observation on the inset of Figure 1d , that is, black Klarite is darker than planar black silicon. We improved the EF of Klarite SERS substrate by almost 4 times by making nanocones on inverse silicon pyramids array. Even if the improvement is within one order of magnitude, we only need to deposit 80 nm of gold, more than 2/3 thinner than 300 nm of gold on original Klairte.
Since SERS is strongly dependent on the size, structure and material of metal surfaces, we also use SERS to characterize the surface of the slanted nanocone black silicon.
There are multiple factors that may affect SERS, including the type and thickness of metal being deposited, length, density and slanted angle of nanocones. For the purpose of SERS optimization, it is of great interest to investigate how the SERS enhancement factor depends on these factors. The first factor we want to investigate is the effect of slanted angle of nanocone.
To characterize the slanted angle dependence, we deposited 80nm of gold on to SNBS with different slanted angles, including the normal black silicon with straight up cones (zero slanted angle). A monolayer of benzenethiol was formed on the surface as the analyte for SERS. Then Raman spectra were taken at the dark end of SNBS because according to the results in Figure 4 , the nanocone in this region has comparable length of 300nm to the straight up nanocone on vertical back silicon. Concerning the asymmetry of slanted nanocone, we need to consider polarization. Figure 6a ,b are the schematics to show how are the propagation and polarization direction of laser excitation relative to the slanted direction of nanocone and the normal of substrate. Figure 6a shows the polarization parallel to the slanted direction while Figure 6b shows the polarization perpendicular to the slanted direction. We did not use polarizer for the collection of scattered light. Figure 6c shows the relation of Raman intensity at the 1073 cm -1 peak along with its corresponding enhancement factor with different slanted angles, for both polarization directions. However, we did not see a clear monotonous trend of the Raman intensity with the slanted angle. But the polarization does matter for slanted nanocone. For normal black silicon with slanted angle of zero, the polarization direction makes no difference. For other slanted angles, the Raman intensity is always higher when the polarization is perpendicular to the slanted direction than when it is parallel. And this difference becomes more prominent as the increase of slanted angle.
To investigate the effect of cone length and metal thickness on SERS, we deposited gold with thickness of 30 nm and 80 nm onto a 30 o SNBS for SERS. We have shown in Figure 4 there is a gradient in darkness, which is essentially a gradient in height of nanocone on the piece. nanocones. There is only particle plasmon but little surface plasmon along the slanted nanocones or the whole substrate surface. In this case the SERS intensity should be proportional to the number of nanoparticles which increase with the height of the nanocone. Figure 8f -h show that for the 80 nm gold sample, we start to have a continuous film covering the nanocone surface. In this case, the cone-cone plasmon coupling is the key to SERS. Previous results on polarized SERS on slanted silver nanorod array also demonstrated that perpendicular polarization gives stronger SERS due to stronger rod-rod coupling. 39 However, this is not exactly cone-cone coupling. and wide angles. 5 The absorption or coupling can be attributed to two factors. One is the gradient effective refractive index of the sharp nanocone layer. The other is diffraction of the irregular sub-wavelength nanocone array. In addition, after metal deposited, the sharpness of the nanocone helps create hot spots for SERS as "lightning rod" effect. Due to randomness in the structure, there is possibility of overwhelming interference (constructive) of surface plasmon at some location which will give rise to very high electromagnetic field ("hot spot"). The irregular corrugated nanostructure also provides additional surface plasmon coupled scattering path for the photons. All those factors contribute more to SERS than normal silicon nanostructure.
Conclusion
We demonstrated that the nanocone forest can be formed on a variety of silicon surfaces with 3D microstructures, including AFM cantilever tips, inverse pyramids array on commercial SERS substrate and positive pyramids on solar cell, with a 3-step self-masked reactive ion etching process. All these silicon surfaces become black after the treatment. SERS enhancement factor of 3. 
